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Abstract
The concept of a novel spectrometer suitable for integration into a nanosatellite is presented. These
spectrometers offer high resolution, increased throughput (étendue) and no moving parts. A lab prototype
of the spectrometer design has been built to characterize the ability of the new slab waveguide technology
for application in remote sensing instruments aboard nanosatellite platforms. The spectrometer will have a
nadir view to detect the 1.6665µm waveband allowing global total column measurements of methane.
Aspects of the instrument design important for integration into the planned YUsend-2 nanosatellite
platform are presented. Focus is given to derivation of instrument requirements such as operational
temperature range which constrain the nanosatellite design. The datarate, viewing configuration, pointing
requirements and the power consumption are also discussed.
main components of the instrument include an
afocal telescope assembly, the detector
assembly, readout electronics and housing.
These are shown in Figure 1 below.

INTRODUCTION
A prototype of a space-borne, nadir viewing
instrument design called the Methane
Waveguide Mapper (MWM) has been developed
The instrument is an
(see Figure 1).
interferometric spectrometer using the spatial
heterodyne technique. The main technology of
the instrument is an array of Mach-Zehnder
interferometers fabricated using silicon-oninsulator ridge waveguides and is described in
more detail in references 1, 2, and 3. This
technology offers high throughput (étendue),
high spectral resolution and no moving parts.
The small size of the instrument offers the
possibility of low cost, nanosatellite-based
atmospheric measurements.
In this paper we describe the overall instrument
design, the slab waveguide technology which
miniaturizes the instrument and the development
status of the instrument. Finally we discuss the
nanosatellite mission concept involving MWM.

Figure 1: MWM Concept Exploded View

The afocal telescope assembly formats light for
input to the slab waveguide. With this
configuration, the optics have a field of view of
± 0.5°. The system is designed to block stray
light from being detected, filter out-of-band
radiation and provide uniform illumination in a
single linear polarization to the waveguide input
facet. The étendue of the optical system matches

INSTRUMENT DESIGN
Integration of the waveguide into an imaging
instrument can be accomplished creating a
miniature, robust design with no moving parts.
The entire system has an estimated mass of 240
g and would consume an estimated 4 W. The
Solheim, et. al.
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Each waveguide in the array has a single output,
which provides a discrete Fourier interferogram
of incoming light onto the detector. Each
waveguide output is detected by a pixel of a
InGaAs linear detector. Detector electronics
consist of 2 small boards as shown in Figure 1,
with analog to digital conversion done on the
small board close to the detector and TEC drive
electronics on the larger board.

that of the waveguide array. The telescope
assembly is the single heaviest component
within the system with a mass of 72 g and total
length of 100mm, and max diameter of 40 mm.
Measurements will be made in a nadir viewing
configuration from a nanosatellite platform with
an assumed altitude of 600km. Total column
concentrations of methane will be measured
with a detector instantaneous field of view of
5.24 km cross track and 10.9 m along track.

It should also be noted that the waveguide
pocket can be expanded to allow several
waveguides to be stacked in order to further
increase
throughput
or
allow
several
spectrometers to exist within the instrument by
using a 2D detector array. The benefits of
stacked slab waveguide spatial heterodyne
spectrometers for space applications are
discussed in reference 7.

The detector assembly consists of the waveguide
array, the optical bench, the detector with
integral thermoelectric cooler (TEC), detector
electronics and a spacecraft thermal interface to
remove the heat from the TEC. These
components are shown in Figure 1.
The waveguide array requires 160 individual
waveguides with a spacing of 12 µm centre-tocentre as described later in the paper. The array
will have an approximate size of 30 mm x 20
mm x 0.5 mm. It should be noted that the
waveguide array significantly reduces the size of
the instrument. Figure 2 compares the size of a
monolithic, bulk optics interferometer with the
slab waveguide version. A Canadian 2 dollar
coin is provided for size reference in each view.

(a)

Key instrument characteristics are summarized
in Table 1.

Table 1: MWM Instrument Characteristics
Parameter
Center Wavelength
Bandwidth
Spectral Resolution
Angular FOV
Altitude
Center Wavelength
Bandwidth
Spectral Resolution
Detector
Detector Cooling
Mass (approx)
Size (approx)
Power Consumption

(b)
PERFORMANCE CALCULATIONS

Figure 2: Monolithic vs. Slab Waveguide forms of
a Spatial Heterodyne Spectrometer (a) Bulk
Optics, (b) Slab Waveguide

Methane can be measured in the Earth's
atmosphere near 1665 nm in the 2ν3 band, which
contains both 12CH4 and 13CH4 lines. This band
is isolated from contaminating species, such as
water vapour, and has been observed on orbit by
SCHIAMACHY (reference 5). Atmospheric
methane has been simulated using the VECTOR
radiative transfer model developed by Chris
McLinden and extended to work in the short
wave infrared by Chris Sioris both at
Environment Canada (reference 6). Nadir

The optical bench provides support for the
waveguide array and maintains alignment
between array and the detector. The design of
the optical bench also provides several degrees
of adjustment for alignment purposes. The
optical bench will be made Invar to match the
CTE of the silicon waveguide array.
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1.6665 um
4 nm
0.025 nm
17.45 mrad
600 km
1.6665 um
4 nm
0.025 nm
InGaAs
Single stage TEC
240 g
50 mm x 60 mm x 150 mm
4W
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viewing geometry is used and the simulation is
performed over the spectral range from 1658 nm
to 1675 nm.
Below are simulations of retrieved spectra using
the radiative transfer calculations as input to the
instrument model, with noise included. The
instrument model uses a Littrow wavelength of
1666.5 nm with spectral resolutions of 0.025
nm and 0.05 nm over a 4 nm spectral range or
micro-window. The micro-window is defined by
an input filter which has a sharp cutoff. The
green curve is the input high resolution
atmospheric simulation and the red curve is the
retrieved spectrum. The retrieved spectrum is
corrected for the filter function and then
truncated to the wavelength range where the the
filter transmission is above 95 % of the peak
transmission. This removes the wings of the
filter where the signal level drops rapidly and
noise levels increase. Both instrument
simulations resolve the input spectrum. The
0.025 nm provides a better fit, however, it
requires 320 MZIs which is difficult to achieve
with current waveguide technology. Reducing
the spectral range to 2 nm from 4 nm would
result in a 0.025 nm design with 160 MZI,
which is practical. A trade-off study still needs
to be completed to determine the final
waveguide design.

Figure 4: Simulation with instrument resolution of
0.05 nm

Figure 5: Schematic of instrument performance
calculation

Instrument performance is calculated using the
chain shown in the schematic above. Model
simulations of methane absorption, as seen from
a nadir viewing instrument, provide the input
spectra for the calculations. It is assumed that
the nadir view of the instrument sees an
extended source, which is uniform within the
field of view. The surface seen by the nadir view
is assumed to be Lambertian within the field of
view and the model radiance is given in (W /
cm2 / sr per cm-1). Next, convert to photon units
using the photon energy, hc
λ , to give radiance,
Iin, in (photons / s / cm2 / sr per cm-1).
The interference filter has a full width at half
maximum, FWHM, of 4 nm, which is converted
to FWHM in wavenumber at the Littrow
wavelength for each channel. The transmission
of the front end optics (imaging lens), τlens=0.8,
and the interference filter, τfilter=0.5, reduce the
signal giving Pin = FWHM * τlens * τfilter * Iin,
which forms the input to the waveguide array in
(photons / s / cm2 / sr). The lens is designed such
that the input waveguides are completely filled,
so that the throughput of the waveguides, Aswg
Ωswg, limits the throughput. However, the
multiaperture input greatly increases the overall
optical throughput (étendue) compared to

Figure 3: Simulation with instrument resolution of
0.025 nm
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conventional single input spectrometers. The
numerical aperture of the waveguide input is
0.18, which gives an f/# of 2.778.
Each waveguide array is a multiaperture
Fourier-transform
planar
waveguide
spectrometer, which is formed by an array of
Mach-Zehnder interferometers generating a
wavelength dependent spatial fringe pattern at
the array output. Pout is calculated using the
transfer matrix mathematical waveguide model
given in Florjanczyk et al., 2008 (reference 1).
This calculation includes the multiaperture
input, the waveguide input area, Aswg = 2 mm x
4 mm, the waveguide solid angle (using a
pyramid shape rather than cone shape since the
waveguides are square or rectangular in cross
section), Ωswg= 0.129 steradian, coupling losses
and losses in the waveguides, τswg = 0.05, and
the spectral resolution of 0.025 nm. Pout is a
spatial Fourier transform and has units (photons
/ s).

Figure 6: Breadboard waveguide array (Planar
waveguide Mach-Zehnder interferometer array:
(a) mask layout, (b) fabricated chip and (c)
normalized spectral transmission of three
individualized MZIs in the array

Each interferometer waveguide has a single
output, which provides a discrete Fourier
interferogram of incoming light onto 50
contiguous pixels of a Sensors Unlimited
SU256LSB-1.7T1 InGaAs linear detector. The
waveguide array had a theoretical wavelength
resolution of 0.43 nm and spectral range of
10.86 nm.
The 11 “pass-through” waveguides with no
interferometers were evenly distributed through
the array to allow the distribution of light across
the input aperture to be monitored and aid in the
alignment procedure. The waveguide array was
fabricated using a 4 µm wide and 2.2 µm high
silicon-on-insulator
(SOI)
ridges.
Each
interferometer output measures 4µm in width
and 2.2µm in height compared with the pixels
25µm width and 500µm height.

The waveguide outputs are directly coupled to
the detector array such that each pixel on the
focal plane array is fully illuminated by the
output from its matching waveguide; the pitch of
the output waveguides is designed to match the
pitch of the detector pixels. The final step
models a nominal InGaAs array detector with
dark current, Idark= 5x102 (electrons / s), readout
noise, RN = 150 (electrons), and quantum
efficiency, QE = 0.85. The single sample
exposure time, Texp= 0.01 (s), is applied to
provide an output signal, Sout, in (electrons /
pixel / sample).

A single fiber input was used to illuminuate the
first and last “pass through” waveguides. This
was
accomplished
using
tri-axis
micropositioners.
These waveguides were
chosen because they provided the strongest
signal transmitted by the waveguide array. The
detector was then aligned with the waveguide
array which allowed the output from the two
pass through waveguides to illuminate
corresponding pixels on the detector. The results
of illumination tests can be seen in Figure 7.
Note the 61 pixel difference between the
waveguides indicating the position of the
waveguide within the detector array.

INSTRUMENT DEVELOPMENT STATUS
A breadboard spectrometer (consisting of a
waveguide array and detector with fiber optic
input) was constructed to establish alignment
procedures and stability. The waveguide array
consists of 50 Mach-Zehnder interferometer
waveguides and 11 “pass through” waveguides.
The output pitch of the array matches that of the
linear detector array. The slab waveguide was
designed for the 1550 nm wavelength range
using a 2 µm wide and 2.2 µm high silicon-oninsulator (SOI) ridge and is shown in Figure 6.
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Figure 8: Prototype Alignment Test Set-up
Figure 8 shows the test set-up used in alignment and
later calibration tests.

Future Work
Further tests are required to understand the
important effect of temperature variation on
waveguide output. It is expected that this will
cause a frequency shift in the output spectrum
since temperature changes affect the phase delay
of the interferometric arms. Characterization of
the waveguide array and detector response over
the full 0.43 nm breadboard bandwidth using a
tunable laser is also planned.

Figure 7: Alignment results
from illuminating monitoring
waveguide 1 (a) and
monitoring waveguide 11 (b).

A full instrument is to be designed fabricated
and used for field observations of water vapour
from an aircraft platform.

The data collected and displayed in Figure 7 also
accounts for an initial measurement of the
photo-response non-uniformity and dark signal
master frame subtraction. The master frame
consisted of an average of 1000 frames.

PROPOSED NANOSATELLITE MISSION
FOR MWM
This section describes the nanosatellite platform
and required technology developments to
support the MWM instrument. Atmospheric
science
instruments
traditionally
are
accommodated on large space vehicles.
Although the size, mass and power of MWM has
been reduced enabling accommodation on a
nanosatellite
platform,
other instrument
requirements such as pointing and datarate
require development of platform technologies.
The York University Space Engineering
Nanosatellite Demonstration (YUsend) program

Each waveguide in the array should illuminate
only a single pixel (i.e. no crosstalk). However
from the data presented in Figure 7, it is noted
that adjacent pixels have a nonzero reading. To
improve this more accurate and stable alignment
between the waveguide array and detector array
is required. A different method of alignment has
been tested but results at the time of writing has
not been analyzed to determine if this has
improved the alignment.
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platform design will be adjusted to
accommodate the MWM requirements for
pointing, volume, power, and datarate. Based on
our preliminary assessment, YUsend-2 will not
be a CubeSat-based nanosatellite.

was initiated to address these engineering
challenges.
YUsend-1 Platform Technology Demonstration
Mission

The primary purpose of the YUsend-1 mission is
a technology demonstration which contains
several enabling technologies including:

CONCLUSIONS
A concept for a nanosatellite-based spectrometer
called the Methane Waveguide Mapper has been
developed. The instrument uses slab waveguide
technology to bring the size, mass and power
requirements to make the concept feasible.
Simulations of the instrument performance show
that 160 interferometers are required to recover
the features of the methane total column
distribution in the atmosphere. Using slab
waveguide technology these waveguides can be
accommodated on a SOI chip of dimensions 20
x 30 mm.

 Micropropulsion technology (reference
4)
 A high data rate communications system
 Advanced attitude control algorithm
YUsend-1 (shown in Figure 9) also serves as an
overall pathfinder mission for the YUsend lab,
preparing for nanosatellite-based atmospheric
science missions starting with YUsend-2.

An associated effort to develop a nanosatellite
platform is also underway to make global total
column measurements of methane. Further
characterization work to understand the thermal
and spectral response of the instrument is
ongoing to determine instrument requirements.
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YUsend-2 Science Demonstration Mission

A second spacecraft, YUsend-2 is being planned
whose purpose is to make atmospheric
measurements using miniaturized instruments,
such as MWM. As such YUsend-2 will serve to
space qualify the slab waveguide design of the
instrument.
Our current understanding of
YUsend-2 system requirements are briefly
described below.
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